Postoperative residual neuromuscular blockade (RNMB) has been recognised as a common complication of neuromuscular blocking agents, with a reported incidence of 6% to 40% [1] [2] [3] [4] [5] [6] . RNMB is potentially dangerous as it may contribute to adverse postoperative pulmonary outcomes such as ventilatory depression, airway obstruction, hypoxia and aspiration of gastric contents, as well as delayed discharge from the post-anaesthetic care unit 7, 8 . There is a very narrow range in which neuromuscular blocking agents can be assessed with quantitative neuromuscular function monitoring. In normal individuals there is no quantitative technique to detect block until 75% to 85% of acetylcholine receptors are blocked, while paralysis is complete at 90% to 95% receptor occupancy. In practical terms, 75% of receptors may still be blocked at a train-offour (TOF) ratio of 0.90 9,10 . Mechanomyography (MMG) is the standard technique for research into RNMB. A TOF ratio of 0.90 or higher, using MMG at the adductor pollicis (AP) muscle, is now the accepted standard for full recovery from non-depolarising neuromuscular blockade 8, 11 . However, MMG is bulky and requires fixation of the arm and adjustment of the muscle preload. 
Postoperative residual neuromuscular blockade (RNMB) has been recognised as a common complication of neuromuscular blocking agents, with a reported incidence of 6% to 40% [1] [2] [3] [4] [5] [6] . RNMB is potentially dangerous as it may contribute to adverse postoperative pulmonary outcomes such as ventilatory depression, airway obstruction, hypoxia and aspiration of gastric contents, as well as delayed discharge from the post-anaesthetic care unit 7, 8 . There is a very narrow range in which neuromuscular blocking agents can be assessed with quantitative neuromuscular function monitoring. In normal individuals there is no quantitative technique to detect block until 75% to 85% of acetylcholine receptors are blocked, while paralysis is complete at 90% to 95% receptor occupancy. In practical terms, 75% of receptors may still be blocked at a train-offour (TOF) ratio of 0.90 9, 10 . Mechanomyography (MMG) is the standard technique for research into RNMB. A TOF ratio of 0.90 or higher, using MMG at the adductor pollicis (AP) muscle, is now the accepted standard for full recovery from non-depolarising neuromuscular blockade 8, 11 . However, MMG is bulky and requires fixation of the arm and adjustment of the muscle preload. It is not generally available or practical for use by a clinical anaesthetist. Several studies have demonstrated that there is good agreement between electromyography (EMG) and MMG TOF ratios during the late phase of recovery (TOF ratio >0.70). This suggests that EMG could be a satisfactory alternative to MMG for clinical research into RNMB [12] [13] [14] [15] . Kinemyography (KMG) is commercially available and simple to use in the clinical setting. It has been shown to have good agreement with MMG between TOF ratios of 0.70 and 0.90-the range of interest to clinical anaesthetists when assessing RNMB 14, 16 .
In earlier studies, differences in MMG and KMG have been found, but this might be explained by the comparison in contralateral hands 17, 18 . There have been no studies comparing these techniques using the ipsilateral hand. Our objective was to evaluate the precision of KMG and EMG at the AP muscle and determine the bias between TOF ratios measured by these two techniques in the ipsilateral hand.
METHODS
After approval by the Human Ethics and Research Committee of our institution (EC00141: project 2011/ 021), written informed consent was obtained from 30 patients undergoing elective procedures requiring general anaesthesia with muscle relaxation. Some of these patients had been included in a previously published, separate study comparing EMG responses in three different ipsilateral muscles 19 . These patients gave written consent to participate in both studies.
Patients were invited to participate according to availability of a researcher and access to the arm to perform the measurements. The choice of anaesthetic technique was at the discretion of the anaesthetist. The muscle relaxants used were rocuronium, vecuronium or cisatracurium. Inhalational agents, intravenous agents and narcotics used included nitrous oxide, sevoflurane, desflurane, propofol, morphine, remifentanil and pethidine. The only neuromuscular blockade reversal agent used was neostigmine. Neostigmine is an esteratic inhibitor of the acetylcholinesterase enzyme, resulting in a higher concentration of acetylcholine, which competitively inhibits non-depolarising neuromuscular agents. Exclusion criteria were patients under 16 years of age and those with neuromuscular disease and allergy to materials or adhesives contained in the surface electrodes.
The Datex-Ohmeda NeuroMuscular Transmission (NMT) module (NMT with software 891647-2.0, Datex-Ohmeda, Helsinki, Finland) used in our study has two commercially available NMT monitoring capabilities, KMG using the MechanoSensor™ DatexOhmeda GE Healthcare NMT-EMG (Helsinki, Finland) and EMG using the ElectroSensor™ DatexOhmeda GE Healthcare NMT-EMG (Helsinki, Finland). The MechanoSensor™ consists of two stimulating electrodes and a bending sensor strip containing a piezoelectric polymer that is placed between the thumb and the index finger. Contraction of the AP muscle distorts the sensor strip, causing a redistribution of charge. This is balanced by a flow of electrons, which generate a voltage, the size of which is related to the degree of bending of the strip or angular momentum (Figure 1) . EMG using the ElectroSensor™ measures the compound evoked muscle action potential by use of a recording surface electrode over the muscle being studied. The stimulating Red Dot Ag/AgCl paediatric Micropore™ (3M, St Paul, MN, USA) backed electrodes were placed over the ulnar nerve on the volar aspect of the wrist (Figure 2 ). The negative (brown, second from the left) electrode was placed 1 cm proximal to the point at which the proximal flexion crease of the wrist crosses the radial side of the tendon of flexor carpi ulnaris. The positive (white, left) electrode was placed 3 to 5 cm proximal to this. The polarity of the electrodes is considered crucial, and the negative electrode was always placed distal to the positive electrode. EMG also requires a ground electrode (black, third from left), which was placed on the distal flexion crease of the wrist superficial to the tendon of the palmaris longus muscle (along the midline of the forearm) 20 . ElectroSensor™ recording electrodes were placed over the AP muscle. They were also placed over the first dorsal interosseous and abductor digiti minimi muscles as comparisons of the EMG in three muscle groups were being recorded concurrently as part of a separate, previously published study 19 . In the 30 study participants, KMG was measured on the same hand as EMG, with the MechanoSensor™ placed between the thumb and the index finger. The same stimulating electrodes used for EMG were also used for KMG.
After induction of anaesthesia, but before administration of the non-depolarising neuromuscular blocking agent, the current for a supramaximal stimulus was established using the inbuilt function of the Datex-Ohmeda NMT module. This was achieved using a stimulus, starting at 5 mA and increasing by 5 mA every second, until there was no further increase in response to the increasing stimulus. The supramaximal current was automatically set to this maximal current plus 15%.
The TOF stimulus we applied consisted of four supramaximal, constant current square wave stimuli, each with a pulse width of 200 microseconds, separated by 0.5 seconds (2 Hz), and the cycle was repeated every 20 seconds. The current administered was between 30 and 70 mA.
During spontaneous recovery from neuromuscular blockade, three EMG readings of the TOF ratio were performed on each muscle group before the recording was switched to a new muscle group. Then, using the same stimulating electrodes, three recordings using KMG were performed. After pharmacological reversal of neuromuscular blockade, only one reading was taken at each location before the sequence was repeated. This was done because of the increased recovery rate after administration of the reversal agent. The rotation was randomised to remove any bias due to the ordering of the sequence. Central body temperature was maintained above 35°C and skin temperature above 32°C using a forced air warmer.
STATISTICAL ANALYSIS

Repeatability
The repeatability of EMG at the AP was compared with the repeatability of KMG. The precision of each monitor was evaluated using the repeatability coefficient. Repeatability is defined as 1.96 times the standard deviation of the differences between the two measurements. This is the maximum absolute difference between two readings on the same subject, for 95% of subjects. A small repeatability coefficient indicates high precision. Consecutive measurements on the same patient under identical conditions during recovery from neuromuscular blockade, before administration of the reversal agent, were analysed using linear mixed models 21 , i.e. a normal linear model with random effect. The repeatability coefficient was computed using the residual variance of this model. For each patient, a representative set of three consecutive measurements was used in this analysis.
Comparison of methods
In order to evaluate measurements between the two different monitors, readings at the same recovery times needed to be compared. However, as readings from different monitors were sequential rather than simultaneous, readings were interpolated from the construction of spline curves fitted to the two sets of measurements. An example from a single patient is shown in Figure 3 . To compare readings at, for example, a TOF ratio of 0.90, the closest reading to 0.90 was found. Estimates of the TOF ratios measured by KMG and EMG at the AP muscle were then interpolated on the spline curves fitted to these readings, at the same timepoint. For stable computation of the spline curves, a minimum of nine readings was required for each monitor.
For comparison of the readings overall, a single timepoint was selected for each patient, in order to preserve independence of measurements in the analysis. For comparison of readings at a particular TOF ratio, all patients with readings at that level were used in the comparison.
The bias and limits of agreement were calculated 22 . For each subject, the difference between pairs of corresponding measurements was plotted against the average (Figure 3) . The upper and lower limits of agreement were defined as two standard deviations on either side of the mean. Analysis was performed using the statistical software R (Version 2.11.1, R Foundation for Statistical Computing, Vienna, Austria).
RESULTS
Thirty patients entered the study. Fourteen of these were excluded because completion of the surgery prevented collection of enough data-points for EMG at the AP muscle (minimum five sets) required to construct stable spline curves. This left 16 patients included in the study: ten females and six males. The mean age was 54 years (range: 16 to 85). The mean body mass index was 26.8 (range: 20 to 43).
The KMG and EMG coefficients of repeatability were 0.035 and 0.043, respectively. The bias between KMG and EMG was 0.11 over the full range, with 95% limits of agreement -0.13 to 0.35. At a TOF ratio of 0.90, the bias between KMG and EMG was 0.08, with 95% limits of agreement -0.08 to 0.25 (at a TOF ratio of 0.90, positive biases cannot be larger than 0.10-this leads to the anomaly of the upper limit of the TOF ratio being bounded at 1.00, while the formula for the limits assumes an unbounded scale). The bias and limits of agreement varied according to the individual TOF ratio being examined (Figures 4  and 5 ).
DISCUSSION
KMG and EMG have similar precision or internal consistency with repeatability coefficients of 0.035 and 0.043 respectively. If the precision was poor for one instrument, the agreement between the devices would automatically be poor as well. During spontaneous recovery from neuromuscular blockade, the TOF ratio was recorded every 20 seconds, so the variation in the consecutive readings of KMG and EMG may in fact reflect the actual recovery rate, and the repeatability coefficient may be smaller than 0.035. The presence of a bias larger than the repeatability coefficient suggests that the disagreement between KMG and EMG cannot be explained by measurement variation alone.
As stated in the section on methods, some of the patients in this analysis also had EMG comparisons performed at the first dorsal interosseous and the abductor digiti minimi muscles. These additional recordings meant there were fewer comparisons available between KMG and EMG at the AP muscle and that some of the comparisons of KMG with EMG at the AP muscle may have been separated further in time. However, spline curves with sufficient data-points were constructed to account for these limitations.
When recording KMG responses, there must be no impediment to movement of the thumb and index finger, and it has been suggested by some researchers that the third, fourth and fifth fingers should be taped to an arm board to prevent interference. Finger fixation was not performed in this study, but possible benefits could be examined in future research. There was only one adult-size MechanoSensor™ and in some individuals it was found not to fit well. Recordings may be improved by securing the midportion of the MechanoSensor™ by a single thin strip of tape to the palmar and dorsal surfaces of the hand. This prevents dislodgement of the MechanoSensor™ during muscle contraction. Another limitation of KMG is that the shape of the sensor detects movement of the thumb towards the index finger. However, contraction of the AP muscle results in a movement of the thumb towards the palm of the hand.
In contrast to KMG recordings, the EMG responses may be affected by interference caused by the movement of the muscle under the recording surface electrodes. In this study the hand was not fixed to improve EMG recordings, but fixation of the thumb and fingers may improve precision in some cases. The application of the MechanoSensor™ between the thumb and index finger applied a small preload (tension) to the AP muscle. It has been suggested that a preload reduces the distance between the surface electrode and the muscle being recorded, resulting in a larger EMG signal 23 . The TOF ratio, however, should remain the same. Some investigators have used the first dorsal interosseous muscle in preference to the AP muscle in EMG recordings because of the increased size of the compound evoked muscle action potential. However, the bias between EMG recorded at these two muscles is not significant. Therefore, if movement of the hand is not restricted, KMG may be used, whereas EMG may be more suitable if hand movement is restricted.
There has been controversy regarding agreement between MMG and EMG 24, 25 . Some authors have recommended the EMG as the standard for quantitative neuromuscular function monitoring because it is not subject to the forces that change myofibril contractility. Dahaba et al, Motamed et al and Trager et al conducted studies comparing MMG and KMG 14, 16, 25 . These studies were, by necessity, conducted in contralateral hands and, thus, this may have been one source of the differences found. Dahaba et al reported that KMG lagged behind MMG but used twitch height for comparison and not the TOF ratio. Motamed et al and Trager et al showed reasonable agreement that would be acceptable in clinical practice wherever TOF ratios for recovery are measured. In contrast to these studies, we have demonstrated that the KMG response to TOF stimuli is 0.11 higher than EMG at the AP muscle over the full range of TOF ratios, and 0.08 at a TOF ratio of 0.90.
There were a number of limitations of this study. Several variables were not controlled. Firstly, there were three researchers who made the recordings, and this could have resulted in a slight variability in the technique, potentially widening the limits of agreement. The selection of anaesthetic induction agents, inhalational agents, opioids and neuromuscular blocking agent and the dosage were not standardised. This is because this study was performed in a clinical setting, with approval for the study contingent on the assurance that patient care would not be compromised. Therefore, the normal technique of the practising anaesthetists was not modified in this study. However, the readings in each individual patient were made under identical conditions, and the separation in time was corrected for the analysis. Furthermore, the surface temperature measured with the infrared temperature monitor may not have reflected the temperature of the muscle beneath it. It was not possible to measure the individual muscle temperatures directly with intramuscular sensors. Again, as each patient is their own control, measurements are effectively independent of the surrounding conditions. Study participants were of a wide range of ages, and the study included some morbidly obese patients. This may have further widened the limits of agreement. Females were over-represented in our study, which also may have been a source of bias.
Our study did not involve calibration or a period of stabilisation that is required if the T1% (the first twitch of the TOF expressed as a percentage of the control response) is the variable being used to assess recovery from neuromuscular blockade. We chose the TOF stimulation and ratio as the preferred method. As all four responses are affected equally, the ratio of responses is not influenced by calibration. The procedure of calibration and stabilisation, because of the time involved, is unlikely to be widely adopted in routine clinical practice.
As is the case with many clinical studies, the sample size was determined pragmatically by budget and the availability of patients and research assistants. The limits of agreement should be interpreted with caution as the sample size is small. In summary, the Datex-Ohmeda MechanoSensor™ and ElectroSensor™ are commercially available to clinical anaesthetists and present results on one screen of a standard anaesthetic monitor. Both techniques are easy to use in everyday clinical practice. Our results indicate that KMG will read higher than EMG at the AP muscle in recording the TOF ratio response during recovery from non-depolarising neuromuscular blocking agents. Our results also suggest that there is similar precision in the quantitative assessment of TOF ratios when using KMG and EMG at the AP muscle. However, we have demonstrated that, despite being measured ipsilaterally, there is both a large bias and wide limits of agreement between KMG and EMG. The KMG recordings were on average 0.11 higher than EMG recordings at the AP muscle over the full range of TOF ratios (95% limits of agreement: -0.13 to 0.35). At a TOF ratio of 0.90 the bias was 0.08 (95% limits of agreement: -0.08 to 0.25). This means that at a TOF ratio of 0.90 measured with KMG will be approximately equivalent to a TOF ratio of 0.80 measured with EMG at the AP muscle, but it may indeed be as low as 0.65 or as high as 1.00. Therefore, TOF ratios measured by KMG and EMG cannot be used interchangeably.
